The and Gram-negative bacteria, respectively. Therefore, the genes that are conserved in these two bacteria are almost certainly essential for cellular function. It is this category of genes that is most likely to approximate the minimal gene set. We found that 240 M. genitalium genes have orthologs among the genes of H. influenzae. This collection of genes falls short of comprising the minimal set as some enzymes responsible for intermediate steps in essential pathways are missing. The apparent reason for this is the phenomenon that we call nonorthologous gene displacement when the same function is fulfilled by nonorthologous proteins in two organisms. We identified 22 nonorthologous displacements and supplemented the set of orthologs with the respective M. genitalium genes. After examining the resulting list of 262 genes for possible functional redundancy and for the presence of apparently parasite-specific genes, 6 genes were removed. We suggest that the remaining 256 genes are close to the minimal gene set that is necessary and sufficient to sustain the existence of a modern-type cell. Most of the proteins encoded by the genes from the minimal set have eukaryotic or archaeal homologs but seven key proteins of DNA replication do not. We speculate that the last common ancestor of the three primary kingdoms had an RNA genome. Possibilities are explored to further reduce the minimal set to model a primitive cell that might have existed at a very early stage of life evolution.
The sequences of two small genomes of parasitic bacteria, Haemophilus influenzae and Mycoplasma genitalium, have been reported recently (1, 2) . There is a qualitative difference between complete bacterial genomes and any sequences, including viral and organellar genomes, that have been available before. However small, a cellular gene set has to be self-sufficient in the sense that cells generally import metabolites but not functional proteins; therefore, they have to rely on their own gene products to provide housekeeping functions. Analysis of protein sequences encoded in the first two complete genomes based on this simple notion resulted in the theoretical reconstruction of unknown bacterial functional systems (3, 4) . Here we systematically compare the M. genitalium and H. influenzae protein sequences in an attempt to define the minimal gene set that is necessary and sufficient for supporting cellular life.
M. genitalium that has a 0.58 megabase genome, with only 468 protein-coding genes, has been proclaimed the minimal gene complement (2) . However, while this is the cellular life form with the smallest known number of genes, there is no evidence that it is indeed minimal. Clearly, the M. genitalium genes are sufficient to support a functioning cell but there is no indication as to what fraction of them is necessary.
M. genitalium and H. influenzae belong to Gram-positive and Gram-negative bacteria, respectively (5) , and are likely to be separated from their last common ancestor by at least 1.5 billion years of evolution (6) . H. influenzae is also a parasitic bacterium with a relatively small genome that is 1.83 megabases long and contains about 1700 protein-coding genes; its evolution apparently included a number of gene elimination events (1, 3) . Therefore, the genes that are conserved in these two bacteria are almost certainly essential for cellular function and are likely to approximate the minimal gene set.
The original analysis of the H. influenzae and M. genitalium proteins included only the most obvious sequence similarities and the respective functional assignments (1, 2) . We performed an in-depth reanalysis of the H. influenzae and M. genitalium protein sequences (3, 4) using the strategy developed in the recent studies on the Escherichia coli genome (7, 8) . Here we use the results of a detailed comparison of M. genitalium and H. influenzae proteins to derive and characterize the minimal gene set compatible with modern-type cellular life. We then discuss possible directions of a further reduction that may be undertaken to model a primordial cell.
MATERIALS AND METHODS
Sequences and Data Bases. The nucleotide sequences of the H. influenzae and M. genitalium genomes were from refs. 1 and 2, respectively. The gene complement of each of the bacteria was reevaluated. It has been reported that H. influenzae possesses 1727 protein-coding genes (1) . By merging overlapping open reading frames that apparently belong to the same gene and that have been separated because of frameshifts, and by eliminating short genes whose existence could not be corroborated, we have arrived at a set of 1703 predicted genes (3). The M. genitalium genome has been reported to contain 470 protein-coding genes (2). Our analysis detected 468 genes, two of which have been missed in ref. 2 , while four of the open reading frames reported in ref. 2 could not be confirmed in our study. In addition, coding regions for two genes were extended.
All data base screening was against the protein and nucleotide versions of the daily updated nonredundant sequence data base maintained at the National Center for Biotechnology Information.
The information on biochemical pathways was primarily from refs. 9-14, with additional data from the PUMA database (http:͞ ͞www.mcs.anl.gov͞home͞compbio͞PUMA).
Protein Sequence Analysis. A hierarchical strategy for protein sequence analysis at genome scale is described in detail elsewhere (8) . Briefly, the initial data base screening was done with the BLASTP program (15) , and the resulting ''hits'' were classified according to their taxonomic origin with the BLATAX program (8) . The alignments with scores greater than 90 indicate biologically relevant relationships (8) . The alignments with lower scores were further explored by analysis of conserved motifs with the CAP and MOST programs (16) . Those proteins, for which significant sequence similarity was not detected by the BLASTP search and motif analysis, were searched with the TBLASTN program against the nucleotide data base translated in six frames (17) . The proteins, for which no homologs were detected by these procedures, were subjected to an additional data base search with a highly sensitive version of the FASTA program (18) . Low complexity regions in protein sequences, i.e., segments enriched in one or several amino acid residues that frequently produce spurious hits in data base searches, were detected and masked with the SEG program (19) . A modified version of SEG was used to predict nonglobular domains in proteins (19) .
Distinguishing Orthologs from Paralogs. Orthologs are genes related by vertical descent and are responsible for the same function in different organisms, in contrast to paralogs, which are homologs related by duplication and have similar but not identical functions (20) . We considered the following criteria necessary and sufficient to consider two genes from the compared organisms orthologs: (i) the similarity between the given pair of protein sequences has to be at least several percentage points higher than that between each of these proteins and any other protein from the second organism; (ii) the two proteins have to be more closely related to each other than to homologs from phylogenetically more distant organisms; and (iii) the sequences of the two proteins should align through most of their lengths (3, 21) .
RESULTS AND DISCUSSION
Reanalysis of M. genitalium and H. influenzae Protein Sequences. A detailed analysis of the sequence conservation in M. genitalium and H. influenzae proteins to predict the likely function for as many of them as possible is a prerequisite for deriving the minimal gene set. Using the combination of computer approaches outlined under Materials and Methods, we assessed the relevance of even the weakest observed sequence similarities, considerably moving up the limit of functional prediction compared with the original publications ( Table 1; refs. 3 and 4). On the basis of sequence conservation, a function was assigned with a varying degree of precision to about 80% of the gene products in each of the bacteria (Table 1) . Among the remaining proteins that did not show significant sequence conservation, particularly those of M. genitalium, many were predicted to contain large nonglobular domains. Some of these proteins may be involved in the adhesion of the bacteria to the host cells (14) but the absence of orthologs for these genes in H. influenzae or in other bacteria, for which sequence information is available, makes it unlikely that any of them perform universal functions.
The Minimal Gene Set: The List of Orthologs Adjusted for Nonorthologous Gene Displacement, Functional Redundancy, and Parasite-Specific Genes. Our logic in deriving the minimal gene set was straightforward. It is unlikely that any genes, except those that are indispensable for cell function, could have been conserved through the 1.5 billion years or more separating H. influenzae and M. genitalium from their last common ancestor, given that the evolution in both lineages has been replete with gene elimination (1-4) . Therefore, the orthologous genes of the two bacteria should comprise the core of the minimal gene set. We compared the 468 M. genitalium protein sequences to the 1703 H. influenzae sequences with BLASTP and examined the results case by case using the criteria listed under Materials and Methods to identify orthologs. We found that 240 genes appear to be orthologous in H. influenzae and M. genitalium (Table 2) .
It is likely that most, if not all, of the M. genitalium͞H. influenzae orthologs are necessary for cell function but taken together, they are not sufficient. Inspection of the ortholog set identified a number of missing links in essential pathways (Table 2 ; see also below). The reason for these gaps in the emerging minimal gene set is the phenomenon that we called nonorthologous gene displacement, that is, the presence of nonorthologous (paralogous or unrelated) genes for the same function in different organisms (22) . Striking examples are phosphoglycerate mutase, an intermediate enzyme in the glycolytic pathway, and nucleoside diphosphate kinase (Ndk), the terminal enzyme of DNA and RNA precursor biosynthesis. Adding the genes involved in nonorthologous displacement to the orthologs results in an apparently self-sufficient gene set that seems to encode all the systems necessary to support a simple cell and is likely to approximate the minimal set (Table 2) .
Generally, in the nonorthologous gene displacement situations, it is unclear which of the two genes involved belongs to the minimal set. We choose to include in Table 2 the 22 respective genes from M. genitalium, the simpler of the two ''parents'' of the minimal gene set. At least in two instances, this choice seemed to be justified by additional considerations. M. genitalium does not encode RNase H (2), and we hypothesize that the respective function is performed by the product of the MG262 gene, a putative 5Ј-3Ј exonuclease that is homologous to the exonuclease domain of DNA polymerase I and distantly related to RNase H. This gene appears to be a better candidate for inclusion in the minimal gene set than RNase H as it is actually present both in M. genitalium and in H. influenzae, either as a stand-alone protein or as a distinct domain of DNA polymerase I.
In the case of Ndk, we observed that M. genitalium does not encode a homolog of this enzyme, which is highly conserved in other organisms, including H. influenzae (23) . We detected two candidates for the role of a novel Ndk among the M. genitalium proteins that had no orthologs in H. influenzae. Both of these proteins (MG264 and MG268) are distantly related to other nucleoside and nucleoside monophosphate kinases containing the wide-spread P-loop motif (24), a protein class already represented by a number of species in the emerging minimal gene set. Thus, it seemed logical to include in the minimal set one of these proteins rather than the H. influenzae Ndk, given also that in E. coli Ndk is dispensable (23) .
For two apparently essential enzymatic reactions, namely the formation of dUMP from dUTP, catalyzed by dUTPase (Dut) in other organisms, including H. influenzae, and folylpolyglutamate synthesis, catalyzed by folylpolyglutamate synthase (FolC), we could not identify obvious candidates among M. genitalium pro- (1996) teins. A predicted hydrolase without a known function may be a candidate for a novel Dut activity; the list of orthologs also includes three proteins without a known activity that may contain a candidate enzyme of folylpolyglutamate synthesis (Table 2) . Alternatively, novel enzymes with these activities may be eventually found among M. genitalium proteins without orthologs in H. influenzae; that is, there should be two additional cases of nonorthologous gene displacement. Is the derived set of 262 genes, comprised by the 240 orthologs together with the 22 cases of nonorthologous replacement, not only sufficient but also necessary for a cell existence? We examined this collection of genes for possible functional redundancy and for genes that might be specific for parasitic bacteria, with the understanding that this aspect of our analysis is speculative. We identified only two cases of apparent redundancy but both involved functional systems of major importance. First, we removed from the minimal gene set thymidine kinase (TK), an enzyme of the salvage pathway of thymidine triphosphate biosynthesis. Thymidine triphosphate is synthesized in two pathways: (i) salvage from thymine via thymidine, with three phosphorylation steps, and (ii) de novo from UMP, with two phosphorylation steps (Fig. 1) . H. influenzae does not encode thymidine phosphorylase (deoA gene product, which is present in M. genitalium) and therefore the complete salvage pathway does not seem to belong in the minimal gene set. We suggest that the only pathway of thymidine triphosphate formation encoded by the minimal gene set is from UMP. This assignment requires a nonorthologous displacement of Dut (Table 2 and see above). Under this scheme, thymidine kinase becomes superfluous, and we eliminated it from the minimal set, in spite of the fact that the tk genes of H. influenzae and M. genitalium are orthologous.
The second, perhaps most controversial example of apparently redundant orthologous genes involves the PTS system. Even though the three proteins comprising the fructose PTS system are orthologous in H. influenzae and M. genitalium, PTS seems to be an unlikely part of the minimal gene set as it has been detected only in a subset of bacteria (25) . We postulated that the minimal gene set encodes only membrane ATPases and permeases comprising an ATP-dependent system for sugar transport (Table 2) ; the subsequent phosphorylation of sugars is catalyzed by sugar kinases (MG063 in the minimal gene set), which are ubiquitous and ancient enzymes (26) .
The list of orthologs included only two genes, encoding a sialoglycoprotease and a hemolysin, that are apparently parasite-specific. These genes were also removed from the minimal set.
Thus, the construction of the minimal gene set included three distinct steps: (i) detection of orthologs among the H. influenzae and M. genitalium genes; (ii) filling gaps in the biochemical pathways by amending the set of orthologs with genes involved in nonorthologous displacement; (iii) elimination of genes that appeared to be functionally redundant or parasite-specific. We believe that the remaining 256 genes are a close approximation of the minimal gene repertoire that is necessary and sufficient for the existence of a modern-type cell. The Main Features of the Minimal Gene Set. The derived minimal gene set defines a hypothetical simple cell with the following principal features (Table 2): 1. A nearly complete system of translation. However, there is no gene for tRNA nucleotidyltransferase (all 3Ј-terminal CCA sequences in M. genitalium tRNAs are genome encoded), glutaminyl-tRNA synthetase (tRNA-Gln is formed from tRNA-Glu in M. genitalium and other Gram-positive bacteria; ref. 27) , and some modification enzymes.
2. A virtually complete DNA replication machinery, with the notable exception of RNase H (see above).
3. A rudimentary system of recombination and repair (4). The repair DNA polymerase is a special issue as M. genitalium does not encode DNA polymerase I, which is most likely responsible for the repair synthesis in H. influenzae, but encodes two ␣ subunits of DNA polymerase III, one of which is orthologous to H. influenzae DnaE and the other is orthologous to PolC of Gram-positive bacteria (28) . In the construction of the minimal gene set, we assumed that one DNA polymerase III may be responsible for both replicative and repair DNA synthesis.
4. Transcription apparatus that consists of four RNA polymerase subunits, including a single factor, which is the only protein with a helix-turn-helix domain in the minimal set, and three transcription factors, but no termination factor Rho. Virtually no proteins for transcription regulation, with the exception of guanosine tetraphosphate synthetase (SpoT; ref. 29) , which is likely to be involved in global transcription regulation (4).
5. A surprisingly large set of chaperone-like proteins, including two poorly characterized ones, namely peptide methionine sulfoxide reductase and another domain whose specific function is not known but that is associated with peptide methionine sulfoxide reductase in a variety of proteins from different organisms (unpublished observations). These proteins represent an unusual case of nonorthologous displacement as they are encoded by two distinct genes in M. genitalium but by a single gene in H. influenzae.
6. Completely anaerobic intermediary metabolism virtually reduced to glycolysis and substrate phosphorylation.
7. No amino acid biosynthesis, with the single exception of the transamination of glutamyl-tRNA into glutaminyl-tRNA (see footnote to Table 2 concerning serine hydroxymethyltransferase).
8. No de novo nucleotide biosynthesis but complete salvage pathways for all bases except thymine (see above).
9. Lipid biosynthesis limited to condensation of fatty acids with glycerol; no fatty acid synthesis.
10. Only eight enzymes requiring complex cofactors, other than mono-and dinucleotides, and eight enzymes involved in cofactor biosynthesis.
11. A machinery for protein export. 12. A limited repertoire of metabolite transport systems including membrane ATPases and permeases, presumably with a broad specificity.
We tentatively kept in the minimal set 18 proteins with unassigned functions. All of them are orthologous and highly conserved in M. genitalium and H. influenzae, and 15 contain known motifs that allow the prediction of their activity. These genes may account for as yet uncharacterized but essential functions.
Inevitably, a hypothetical cell with the minimal gene set is a simplified derivative of M. genitalium. The remaining M. genitalium genes encode, along with proteins with large nonglobular domains implicated in parasite-host interaction, a variety of globular proteins with diverse activities, including a number of enzymes ( Table 2) . None of these proteins, however, appeared to have a unique function that is likely to be essential and is not already represented by a functionally related gene in the minimal set. Fig. 1 illustrates the reduction of the pyrimidine biosynthesis pathways from the general scheme typical of most organisms to the abridged version in M. genitalium and to the further simplification in a hypothetical organism with the minimal genome.
The analysis described here involved two bacterial genomes. Have we constructed a minimal set of genes for cellular life in general or for bacteria only? We believe that it is a general minimal set with specifically bacterial solutions for certain functions. Among the 256 proteins comprising the minimal set, 71% show significant similarity to eukaryotic or archaeal proteins as opposed to 48% among all M. genitalium proteins. Thus, the hypothetical minimal genome is enriched in universally conserved proteins. The subset of proteins without eukaryotic or archaeal homologs, along with some that are likely to evolve too fast to reveal ancient conserved regions (e.g., permeases and several small ribosomal proteins), includes at least two conspicuous groups. These are the eight subunits of the H ϩ ATPase that in eukaryotes are represented by organellar genes and eight key proteins of DNA replication, namely two subunits of DNA polymerase III, initiator ATPase (DnaA), helicase (DnaB), primase (DnaG), NAD-dependent DNA ligase, and single-stranded DNA-binding proteins (Ssb and Dbh).
Using a completely different approach to estimate the minimal genome size required for life, Itaya (30) has determined the percentage of randomly selected genetic loci in Bacillus subtilis that could be disrupted without loss of viability. The estimated minimal genome size of 318 kbp in these experiments corresponds to 254 genes in the case of M. genitalium (the average gene length ca. 1.25 kb; ref.
2) and is remarkably close to the size of our minimal gene set.
Life Beyond the Minimal Set? It appears unlikely that the minimal gene set derived from the comparison of M. genitalium and H. influenzae can be significantly reduced without dramatically affecting functional systems that are essential for any extant cell, such as the translation or the replication machinery. As a matter of speculation, one can imagine, however, how the minimal set could be simplified to model a primitive cell, in which such essential systems might have been significantly simpler than they are in modern cells.
Such further reduction may proceed in several directions. (i) Examine pathways requiring complex cofactors and eliminate those of them that can be bypassed without the use of the cofactors. (ii) Eliminate the remaining regulatory genes. (iii) Delineate paralogs and replace at least the most highly conserved families with a single, presumably multifunctional ''founder.'' (iv) Apply the parsimony principle (31): those systems and genes that are not found in both bacteria and eukaryotes or both bacteria and archaea are unlikely to come from a primitive cell.
A detailed implementation of these approaches that may be relevant for modeling very early stages of life evolution has to be deferred until completion of genome sequences of archaea and eukaryotes (at the time of revision of this manuscript, the complete sequence of the yeast genome is already available). Nevertheless, as the great majority of eukaryotic protein families are represented in the sequence data bases (32) , some of the results may be foreseen, and those that may emerge from a consistent application of the parsimony principle appear to be striking. In particular, given the absence of eukaryotic or archaeal homologs of the key proteins of bacterial DNA replication (see above), it seems likely that the last common ancestor of the three primary kingdoms had an RNA genome. Evidently, this would also entail the absence of pathways for DNA precursor biosynthesis (Fig. 1) .
Furthermore, as archaea have significant deviations in the enzymology of the upstream reactions of glycolysis (33) , this ancestor might have had an ultimately simplified intermediary metabolism using trioses and pentoses as the source of energy through conversion to glyceraldehyde 3-phosphate, which is oxidized to pyruvate in the downstream reactions of glycolysis.
The consequences of complete elimination of paralogy from the minimal gene set also may be dramatic. The most obvious example is the reduction of the number of aminoacyl-tRNA synthetases, ultimately to two species with a broad specificity (34) .
It has to be kept in mind that not only reduction but also certain additions to the minimal gene are likely to be required to produce a realistic model of a primitive cell. The most important of such additions may be a simple system for photo-or chemoautotrophy. It may become possible to glean the essential features of such systems from complete genome sequence of autotrophic organisms. Eventually, the backwards extrapolation from the minimal gene set may lead close to the origin of life itself.
Availability of the Results. The annotated minimal gene set and the detailed results of M. genitalium and H. influenzae genome analysis are available via the World Wide Web at http:͞ ͞www.ncbi.nlm.nih.gov͞Complete_Genomes and by anonymous ftp at ncbi.nlm.nih.gov in the directories repository͞MINSET, repository͞HIN, and repository͞MG.
